Objective To compare magnetic resonance imaging (MRI) characteristics of torn and untorn post-operative menisci. Methods The study group consisted of 140 patients with 148 partially resected menisci who were evaluated with a repeat knee MRI examination and subsequent repeat arthroscopic knee surgery. Two musculoskeletal radiologists retrospectively assessed the following MRI characteristics of the post- Conclusions Post-operative menisci with no T2 signal line were untorn at surgery. The most useful MRI characteristics for predicting torn post-operative menisci at surgery were change in signal pattern through the meniscus compared with baseline MRI, and displaced meniscus fragment followed by high T2 line through the meniscus, intermediate-to-high T2 line through the meniscus, and irregular meniscus contour.
Introduction
Meniscus tears are a common cause of knee pain and one of the most frequent indications for arthroscopic knee surgery [1] . Although tears in the peripheral vascularized zone of the meniscus may undergo surgical repair, most meniscus tears are treated with partial meniscectomy [2, 3] . Clinical outcome following partial meniscectomy is generally good, especially in the younger patient population [4] [5] [6] [7] . However, many individuals sustain subsequent knee injuries or have persistent pain following surgery that requires additional evaluation to exclude the possibility of a re-tear of the post-operative meniscus.
Magnetic resonance imaging (MRI) is a cost-effective and non-invasive method of evaluating the meniscus in patients with knee pain. MRI has a high sensitivity and specificity for detecting meniscus tears in patients without previous knee surgery [8] . However, diagnostic performance is considerably lower in individuals following partial meniscectomy as the conventional criteria used to diagnose a meniscus tear cannot necessarily be applied to the post-operative meniscus [9] [10] [11] [12] [13] [14] [15] [16] . For example, partial meniscectomy may result in distortion of the normal meniscus morphology. Furthermore, intrasubstance meniscus signal may extend into the articular surface when a portion of the meniscus has been resected, which may simulate a meniscus tear [17] .
Various studies have investigated the usefulness of MRI for evaluating the post-operative meniscus [9] [10] [11] [12] [13] [14] [15] [16] . However, these studies have been limited by small patient populations, the inclusion of patients with both meniscus repair and partial meniscectomy, and selection bias, as most patients had a preoperative clinical diagnosis of a torn post-operative meniscus. Furthermore, few previous studies have investigated the usefulness of various MRI findings to determine the presence or absence of a torn post-operative meniscus [13] . Thus, this study was performed to retrospectively compare the MRI characteristics of surgically confirmed torn and untorn menisci in a large number of patients who had undergone previous partial meniscectomy.
Materials and methods

Subjects
The retrospective study was performed in compliance with Health Insurance Portability and Accountability Act (HIPAA) regulations, with approval from our Institutional Review Board, and with a waiver of informed consent. A review of Current Procedural Terminology (CPT) codes was performed to identify 541 patients who had undergone two arthroscopic surgeries on the same knee at our institution between 1 January 2005 and 1 July 2015. The medical records of these patients were reviewed to determine whether they met the following inclusion criteria of the study:
1. A history of previous partial meniscectomy performed at the time of the first arthroscopic surgery 2. A history of a scond arthroscopic surgery performed on the same knee 3. An MRI examination performed on the same knee within a 6-month period before the second arthroscopic surgery
The study group consisted of 140 patients with 148 partially resected menisci who met these inclusion criteria. Eight patients underwent partial meniscectomies on both menisci at the time of the first arthroscopic surgery.
MRI examination
All 140 patients in the study group were imaged on the same 1.5-T or 3.0-T MRI scanner (Signa HDx; GE Healthcare, Waukesha, WI, USA; n = 99 patients imaged at 1.5 T and n = 41 patients imaged at 3.0 T) using an eight-channel phased-array extremity coil (Precision Eight TX/TR High Resolution Knee Array; Invivo, Orlando, FL, USA 
Arthroscopic knee surgeries
The first and second arthroscopic knee surgeries in all 140 patients in the study group were performed by one of three orthopedic sports medicine specialists at our institution who had between 10 years and 25 years of clinical experience and who were aware of the findings of the MRI examination at the time of surgery. The orthopedic surgeons routinely inspect all areas of the medial and lateral meniscus, both visually and with a surgical probe at arthroscopy to assess the extent of meniscal injury. The surgeons document in their surgical reports the pre-operative clinical diagnosis of the patient, the presence or absence of a tear within the medial and lateral meniscus, and the method of treatment of any meniscus tear detected at surgery. The surgical reports of the first arthroscopic surgery of all patients were reviewed to confirm that a partial meniscectomy was performed at the time of the initial surgery. The surgical reports of the second arthroscopic surgery of all patients were reviewed to determine the preoperative clinical diagnosis of the patient and whether the post-operative meniscus was torn or not.
Review of MRI examinations
The MRI examinations of all 140 patients in the study group performed before the second arthroscopic surgery were retrospectively reviewed independently by two fellowship-trained musculoskeletal radiologists with 11 and 13 years of clinical experience, who were blinded to the clinical and surgical findings to determine the following MRI characteristics of the post-operative meniscus:
1. Contour of the remaining partially resected meniscus (smooth contour or irregular contour)
2. Presence of a line of increased signal through the meniscus extending into the articular surface on intermediateweighted images 3. Presence of a line of increased signal through the meniscus extending into the articular surface on T2-weighted images 4. Signal intensity of the T2 signal line through the meniscus (no T2 signal line, intermediate T2 signal line defined as signal intensity between the meniscus and the cartilage signal, intermediate-to-high T2 signal line defined as signal intensity between the cartilage and fluid signal, and high T2 signal line defined as signal intensity similar to fluid) 5. Total number of coronal and sagittal images on which the T2 signal line through the meniscus was visualized (less than five images or five or more images) 6. Extent of the T2 signal line through the meniscus (less than 75% through the vertical dimension of the total meniscus or more than 75% through the vertical dimension of the total meniscus) 7. Presence of a displaced meniscus fragment 8. Change in the signal intensity pattern through the meniscus defined as new meniscus contour abnormality or a new line of increased signal through the meniscus extending into the articular surface on intermediate-weighted or T2-weighted images in regions of the meniscus that appeared normal on the baseline MRI examination performed before the first arthroscopic surgery, which was available in 115 of the 140 patients in the study group
When the two radiologists disagreed on a particular characteristic of the post-operative meniscus, a consensus review of the MRI examination was performed to make the final interpretation with the help of a third fellowship-trained musculoskeletal radiologist with 10 years of clinical experience as needed.
Statistical analysis
All statistical analysis was performed using MATLAB software (MATLAB 2010b; MathWorks, Natick, MA, USA). Kappa values were used to assess the inter-observer agreement between radiologists for determining the MRI characteristics of the post-operative meniscus. Inter-observer agreement was assessed according to the recommendations of Landis and Koch, in which a kappa value of 0.00 to 0.20 indicates slight agreement, 0.21 to 0.40 indicates fair agreement, 0.41 to 0.60 indicates moderate agreement, 0.61 to 0.80 indicates substantial agreement, 0.81 to less than 1.00 indicates near perfect agreement, and 1.00 indicates perfect agreement [18] . The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of the various MRI characteristics of the post-operative meniscus for detecting a surgically confirmed torn post-operative meniscus were calculated. When calculating the sensitivity, specificity, PPV, and NPV for the signal intensity of the T2 signal line through the meniscus, the signal intensities needed to be grouped into three individual negative MRI finding and positive MRI finding categories to meet the definitions of the statistical parameters: 
Results
The study group consisted of 93 males and 48 females with an age range between 16 years and 64 years and an average age of 40.6 years. Of the 140 patients in the study group, the preoperative clinical diagnosis for the second arthroscopic knee surgery was a torn post-operative meniscus in 77 patients, an anterior cruciate ligament tear in 33 patients, and a torn meniscus that had not undergone previous partial meniscectomy in 30 patients. There were 83 partially resected medial menisci and 65 partially resected lateral menisci. Of the 148 partially resected menisci, 76 were found to be torn and 72 were found to be untorn at the second arthroscopic surgery. Forty-five of the post-operative tears were in the medial meniscus and 31 of the post-operative tears were in the lateral meniscus. Table 1 shows the kappa value for inter-observer agreement between radiologists for assessing the various MRI characteristics of the post-operative meniscus. There was substantial to near-perfect inter-observer agreement for assessing all MRI characteristics of the post-operative meniscus with kappa values ranging between 0.72 for the total number of coronal and sagittal images on which the T2 signal line through the meniscus was visualized and 0.92 for change in the signal intensity pattern through the meniscus on intermediateweighted or T2-weighted images compared with the baseline MRI examination. Table 2 shows the diagnostic performance of the various MRI characteristics for the detection of a torn post-operative meniscus. A change in the signal intensity pattern through the meniscus on intermediate-weighted or T2-weighted images compared with the baseline MRI examination was the most useful MRI characteristic for the detection of a torn postoperative meniscus with high specificity and sensitivity (Fig. 1) . The presence of an irregular meniscus contour (Fig. 2) , a line of increased T2 signal extending into the articular surface on five or more images, and a displaced meniscus fragment had high specificity but low sensitivity for the detection of a torn post-operative meniscus. The presence of a line of increased signal through the meniscus extending into the articular surface on intermediate-weighted and T2-weighted images had high sensitivity but low specificity for the detection of a torn post-operative meniscus.
The signal intensity of the T2 line extending through the meniscus was useful for the detection of a torn post-operative meniscus, especially if there was no T2 signal line, an intermediate-to-high T2 signal line, or a high T2 signal line (Figs. 3-7) . All 36 menisci with no T2 signal line were found to be untorn at surgery (100% NPV with 95% confidence interval of 90. 
Discussion
Our study has shown that the absence of a line of increased signal through the meniscus extending into the articular surface on intermediate-weighted and T2-weighted images was a reliable MRI finding of an untorn post-operative meniscus. The 100% sensitivity of this MRI finding for the detection of a torn post-operative meniscus was higher than values previously reported in the literature. Lim and associates reported 88% sensitivity for a line through the meniscus on intermediate-weighted images [13] , whereas White and associates reported 76% and 84% sensitivity for a line through the meniscus on intermediate-weighted and T2-weighted images respectively for the detection of a torn post-operative meniscus [14] . However, these studies were performed several years ago using less advanced MRI scanners and coils. Thus, the higher number of false-negative findings may be the result of greater difficulty in determining whether signal within a postoperative meniscus extended into the articular surface because of reduced tissue contrast and lower in-plane and throughplane spatial resolution. A recent study by Magee reported 75% sensitivity for a line of increased signal through the meniscus extending into the articular surface on either intermediate-weighted or T2-weighted images for the detection of a torn post-operative meniscus. However, only 4 out of the 100 post-operative menisci evaluated with MRI in this study were found to be untorn at arthroscopy [16] . Our study has shown that an intermediate T2 signal line extending into the articular surface of a post-operative meniscus is a nonspecific MRI finding that confirms the results of previously published studies [9] [10] [11] [12] [13] [14] [15] [16] . However, no previous studies have included a large enough number of patients with surgically confirmed torn and untorn post-operative menisci to determine the exact clinical significance of this finding. Our Fig. 5 A 34-year-old man with a surgically confirmed torn postoperative posterior horn of the medial meniscus. Sagittal, fat-suppressed, T2-weighted, fast spin-echo image shows abnormal morphology of the posterior horn of the medial meniscus consistent with previous partial meniscectomy. The remaining meniscus has a smooth contour with an intermediate T2 signal line of signal intensity between the meniscus and cartilage signal extending into the articular surface (arrow), which is nearly identical in appearance to the intermediate T2 signal line through the meniscus in the patient in Fig. 4 , who had a surgically confirmed untorn post-operative meniscus. An intermediate T2 signal line through a post-operative meniscus is a nonspecific MRI finding that can be seen in both torn and untorn menisci Fig. 4 A 42-year-old man with a surgically confirmed untorn postoperative posterior horn of the medial meniscus. Sagittal, fat-suppressed, T2-weighted, fast spin-echo image shows abnormal morphology of the posterior horn of the medial meniscus consistent with previous partial meniscectomy. The remaining meniscus has a smooth contour with an intermediate T2 signal line of signal intensity between the meniscus and cartilage signal extending into the articular surface (arrow) Fig. 6 A 39-year-old woman with a surgically confirmed torn postoperative posterior horn of the lateral meniscus. Sagittal, fat-suppressed, T2-weighted, fast spin-echo image shows abnormal morphology of the posterior horn of the lateral meniscus consistent with previous partial meniscectomy. The remaining meniscus has a smooth contour with an intermediate-to-high T2 signal line of signal intensity between the cartilage and fluid signal extending into the articular surface (arrow) Fig. 7 A 26-year-old man with a surgically confirmed torn postoperative posterior horn of the lateral meniscus. Sagittal, fat-suppressed, T2-weighted, fast spin-echo image shows abnormal morphology of the posterior horn of the medial meniscus consistent with previous partial meniscectomy. The remaining meniscus has a smooth contour with a high fluid-like T2 signal line extending into the articular surface (arrow) study found that an intermediate T2 signal line through a postoperative meniscus had a PPV of 58.2% for the detection of a meniscus re-tear, which indicates that the finding is almost equally present in torn and untorn post-operative menisci. When an intermediate T2 signal line is identified through a post-operative meniscus, the clinical history of the patient should be taken into consideration as the PPV of this finding in our study increased from 40.0% when the pre-operative clinical diagnosis was not a torn post-operative meniscus to 69.4% when the pre-operative clinical diagnosis was a torn post-operative meniscus.
Our study has shown that various MRI findings have high specificity for the detection of a torn post-operative meniscus. In particular, a line of intermediate-to-high signal or high signal through the meniscus extending into the articular surface on T2-weighted images was a reliable MRI finding of a torn post-operative meniscus, with 95.8% specificity. Previous studies by Lim and associates [13] and Applegate and associates [11] reported 88% and 90% specificity respectively for the presence of a high fluid-like T2 signal line through the meniscus for the detection of a torn post-operative meniscus. However, no previous study has investigated the usefulness of an intermediate-to-high T2 line signal through the meniscus as an MRI finding of a meniscus re-tear. A line of intermediateto-high T2 signal through the meniscus likely represents partial volume averaging between joint fluid and torn meniscus fibers and had a similarly high PPV in our study for the detection of a torn post-operative meniscus as a high fluid-like T2 signal line through the meniscus. Our study has also shown that additional MRI findings have a high specificity for the detection of a torn post-operative meniscus including an irregular meniscus contour, a line of increased T2 signal extending into the articular surface on five or more images, and a displaced meniscus fragment. Unfortunately, these highly specific MRI findings were relatively insensitive and were not present in many torn post-operative menisci in our study.
The most useful MRI characteristic for the detection of a torn post-operative meniscus in our study was a change in the signal intensity pattern through the meniscus on intermediateweighted or T2-weighted images compared with the baseline MRI examination, which had a sensitivity of 85.7% and a specificity of 98.2%. This emphasizes the importance of having the baseline MRI examination available for comparison when evaluating patients with a post-operative meniscus. New meniscus contour abnormality or a new line of increased signal through the meniscus extending into the articular surface in regions of the meniscus that appeared normal on the baseline MRI examination may also be due to the fact that the initial MRI examination underestimated the true extent of the meniscus tear or that the surgeon debrided some untorn meniscal tissue to create a smooth meniscus margin. However, the near perfect specificity of this MRI finding for the detection of a torn post-operative meniscus in our study indicates that this was not the case, at least in our patient population. Thus, our results strongly suggest that any change in the signal intensity pattern through a post-operative meniscus should be considered to represent a meniscus re-tear.
Magnetic resonance imaging arthrography is currently used at many institutions to evaluate the post-operative meniscus. Although MRI arthrography is more invasive and expensive than conventional MRI, it has been shown to provide improved diagnostic performance for the detection of a torn postoperative meniscus [11, [14] [15] [16] . The presence of high gadolinium-like signal within a post-operative meniscus on fat-suppressed T1-weighted images is a highly specific finding of a torn meniscus on MRI arthrography. However, a previous study by De Smet and associates has shown that 41% of patients with a surgically confirmed torn post-operative meniscus had signal intensity within the meniscus extending into the articular surface, which was lower than the signal intensity of gadolinium contrast [19] . Thus, similar to the presence of a line of intermediate T2 signal extending into the articular surface on conventional MRI, diagnosis of a torn post-operative meniscus on MRI arthrography is challenging in the common scenario when the intra-meniscus signal intensity is not as bright as with gadolinium contrast medium. Nevertheless, the use of MRI arthrography should be considered for post-operative menisci with equivocal findings on conventional MRI as the presence of high gadolinium-like signal within the meniscus would allow for a definitive diagnosis of re-tear.
Our study has several limitations. One limitation was the retrospective study design. Another limitation was the presence of selection bias, as not all patients with a post-operative meniscus evaluated with MRI at our institution underwent subsequent arthroscopic knee surgery and were included in our study group. In addition, many of the MRI characteristics of the postoperative meniscus, especially the signal intensity of the T2 signal line through the meniscus, are rather subjective and may be difficult to reliably assess. Although there was high inter-observer agreement for determining the presence or absence of the various MRI characteristics of the post-operative meniscus in our study, both reviewers were experienced musculoskeletal radiologists. Thus, it is not known whether less experienced radiologists would achieve the same high interobserver agreement for evaluating the post-operative meniscus. A final limitation of our study was that arthroscopy is considered to be an imperfect reference standard for determining the presence or absence of a meniscus tear [20] .
In conclusion, our study has shown that various MRI findings are useful for distinguishing between a torn and untorn post-operative meniscus. The absence of a line of increased signal through the meniscus on intermediate-weighted and T2-weighted images is a highly sensitive finding, whereas the presence of a line of intermediate-to-high signal or high fluid-like signal through the meniscus on T2-weighted images is a highly specific finding for a torn post-operative meniscus.
However, the presence of a line of intermediate signal through the meniscus on T2-weighted images is a nonspecific finding which can be seen almost equally in both torn and untorn postoperative menisci. In this circumstance, one needs to look for additional MRI findings with high specificity, such as the presence of an irregular meniscus contour, a line of increased T2 signal extending into the articular surface on five or more images, a displaced meniscus fragment, or a change in the signal intensity pattern through the meniscus compared with the baseline MRI examination, and take into account the clinical history of the patient to determine whether there is a high likelihood of a meniscus re-tear.
